Changes in cognition due to age have been associated with falls and reduced standing postural control. Sensory integration is one component of postural control that may be influenced by certain aspects of cognitive functioning. This study investigated associations between measures of cognitive function and sensory integration capabilities for healthy young and older adults. Dynamic posturography was performed using the Equitest Sensory Organization Test (SOT) protocol to evaluate sensory integration during standing using sway-referencing of the platform and/or visual scene to alter somatosensory and visual inputs. The Equilibrium Score was used as a measure of sway. Cognitive testing examined aspects of cognitive function that have been associated with falls in older adults. A correlational analysis investigated associations between the cognitive measures and postural sway during the altered sensory conditions of the SOT. For older subjects only, slower decision-processing speed was associated with increased sway during SOT conditions whenever somatosensation was altered. Reduced perceptual inhibition was associated with increased sway whenever somatosensation was intact, and particularly when vision was altered in the presence of somatosensation. Visuospatial construct ability was associated with sway only when the eyes were closed during altered somatosensation. Task-switching was associated with sway only when vision and somatosensation were intact. With increased age, deficits in decision speed and inhibition appear associated with the sensory integration crucial for balance maintenance. Associations are modulated by the availability of somatosensation and vision. These associations define situations and individual differences in aspects of cognition that may relate to situational loss of balance in older adults.
Introduction
Sensory integration for postural control refers to the ability to centrally combine sensory information from three main sources (vestibular, visual, and somatosensory) to estimate body position and motion (Horak and Macpherson 1996) .
Dynamic posturography is a test that probes the sensory integration capabilities of standing balance by systematically altering sensory information and measuring the postural response (Nashner et al. 1982) . Sensory integration capability is impacted by aging, with postural sway in older adults being typically greater than those in young adults when there is an alteration in sensory inputs requiring sensory reweighting (Cham et al. 2007; Cohen et al. 1996; Horak et al. 1989; Woollacott et al. 1986 ).
Measures of cognition have been related to balance and falls in older adults. Numerous studies have implicated tests of executive functions (Herman et al. 2010; Holtzer et al. 2007; Mirelman et al. 2012; Taylor et al. 2017) . Executive functioning refers to a broad set of processes that control behavior and decision-making in the absence of automatic or welllearned control. Such processes include inhibition, working memory, and selective attention (Diamond 2013) . Measures tapping these different aspects of executive function have been 1 3 associated with falls and imbalance in older adults; such as trail making tests, Stroop, go-no-go, task-switching and digit symbol substitution (see (Kearney et al. 2013 ) for a recent review). Other measures conceptually relevant to sensory integration, but not thought of as executive function, have also been implicated in falls including reaction time and tests of visual-spatial abilities (Anstey et al. 2006; Taylor et al. 2014 Taylor et al. , 2017 . The decline in basic processing speed with age is well established as evident in basic perceptual motor tasks as well as impacting more complex tasks (Salthouse 1996) . Visuospatial ability refers to spatial memory, navigation, mental rotation, and mental representation of three-dimensional space and also is known to decline with age (Bigelow and Agrawal 2015; Klencklen et al. 2012) . We know little about the relationships between the decline in these aspects of cognition and postural control under the conditions that challenge sensory integration, e.g., challenges of the SOT protocol.
Our past research has been focused on understanding how sensory integration for balance may be subject to processing capacity limitations evident when multiple tasks compete for the control of action (Humphreys et al. 2013 ). Using dualtask paradigms, we have shown that concurrent processing of simple-speeded decision-processing tasks compete with sensorimotor integration for balance in sensory conflict situations for older, but not younger, adults (Fuhrman et al. 2015; Redfern et al. 2001) . Similarly, variants of our simple processing tasks requiring inhibition of well-learned associations were also specifically associated with the ability of older adults to maintain balance under conditions in which sensory conflict challenged sensorimotor integration for balance (Redfern et al. 2001 (Redfern et al. , 2009 ). To date, little is known about the possible impact of other aspects of cognition related to aging on balance in the presence of different challenges to sensory integration.
The purpose of this study was to examine the associations between aspects of cognition that are potentially related to sensory integration capabilities in young and older adults. Our hypothesis was that aspects of cognition known to be associated with falling in older adults would also be associated with sensory integration capabilities when challenged by alterations in vision and somatosensation. Specifically, we hypothesized that reduced processing speed for simple decisions, interference control, and visuospatial ability would be associated with reduced sensory integration capability in older adults.
Methods

Subjects
Thirty-four healthy community-dwelling older adults (mean age 76.0 ± 4.0, 13M) and 44 healthy young adults (mean age 23.5 ± 2.9, 12M) were included in this study. All participants were screened for normal sensory, musculoskeletal, and cognitive health. Inclusionary criteria were normal sensory and motor function, including no history of stroke, heart failure, peripheral neuropathy, inner ear disorder, macular degeneration or glaucoma. Subjects also were screened for use of medications that may affect performance, including sedatives, "anti-dizziness" medications, or other psychoactive medications. Vestibular function was assessed with oculomotor, positional, and rotational testing using videooculography (Furman and Cass 1996) . Ankle joint proprioceptive sensation was evaluated using a Rydel-Seiffer graduated tuning fork with an exclusion cutoff of four (Martina et al. 1998) . Plantar foot cutaneous pressure threshold was determined using Semmes-Weinstein monofilaments, with an exclusionary cutoff of 4.3 (Holewski et al. 1988) . Further exclusionary criteria were abnormal binocular visual acuity (with corrective lenses) of worse than 20/40 and hearing loss. Older subjects were also required to have a Mini Mental State Examination (MMSE) score of greater than 23 to be included in the study. The MMSE scores of the included subjects were: older (µ = 28.9, SD 1.2, range 26-30), and young (µ = 29.6, SD 0.6, range 28-30). All subjects had a minimum of a high school education (12 years). Education levels for the older subjects (µ = 14.9 years, SD 2.7, range 12-22) and young (µ = 15.8 years, SD 2.2, range 12-24) were not significantly different [F(1,79) = 2.3; p = 0.13]. Informed consent was obtained prior to any participation. The Institutional Review Board of the University of Pittsburgh approved this study.
Dynamic posturography
Clinical dynamic posturography was performed on the subject's first visit using the Sensory Organization Test (SOT) protocol on the Neurocom Smart Equitest (Natus Balance & Mobility, Inc.) The six conditions tested include alterations to visual and somatosensory information during standing (Black 2001; Nashner et al. 1982) (Fig. 1) . The somatosensory conditions include a fixed and sway-referenced platform. The visual conditions include a fixed visual scene, eyes closed, and a sway-referenced visual scene. Sway-referencing is accomplished through rotation in direct proportion to the individual's sway in the antero-posterior (AP) direction (Nashner et al. 1982) . Sway-referencing uses a lowpass filter of recorded center of pressure (COP) to estimate the center of gravity in the antero-posterior direction in an attempt to keep the ankle angle constant. This rotation of the support surface reduces the reliability of somatosensory information from the feet and ankles for balance. Sway-referencing the visual scene uses the same principle to provide erroneously stable vision even though the person is swaying.
Cognitive testing
Cognitive testing was performed on the subject's second visit. Cognitive tests included three batteries: Perceptual and Motor Inhibition Test (MAPIT), CNS-Vital Signs, and the Repeatable Battery for Assessment of Neuropsychological Status (RBANS). The MAPIT protocol, based upon the work of Nassauer and Halperin (2003) , is a computer-based test that uses reaction times to visual stimuli on a screen (Redfern et al. 2009 ). Stimuli are arrows pointing either to the right or left. Responses required are key presses from either the right or left index finger. Two types of reaction time (RT) tasks are used: one that creates a perceptual conflict and one that creates a motor conflict (see Jennings et al. 2011; Mendelson et al. 2010; Redfern et al. 2009 for methodological details). Briefly, the perceptual task uses an arrow pointing to the right or left either positioned on the right side or left side of the screen. The subject is asked to respond by pushing the button on the side toward which the arrow points and ignoring the spatial location of the arrow. Two conditions (congruous and incongruous) are intermixed within a block of trials for the perceptual inhibition test. The congruous condition has the spatial location of the arrow and the direction of the arrow being the same. The incongruous condition has a conflict between the direction of the arrow and the spatial location of the arrow. Forty trials in each condition are presented randomly intermixed within each block. The motor task consisted of two conditions as well. The first condition has an arrow appearing in the center of the computer screen pointing in the right or left direction. Subjects are asked to press the button on the side toward which the arrow pointed. The second condition has the participant press the button on the side "opposite" to the direction of the arrow. These trials are blocked by congruency. The median RT for each subject for each condition were calculated. The CNS-Vital Signs battery (CNS-Vital Signs LLC, Morrisville, NC) is a commercially available computerized series of neurocognitive tests that assess a broad spectrum of cognitive functions. The battery has been used with a large variety of subjects over a wide range of ages, as well as with different clinical groups. The test-retest reliability of the measures has been established and compared to other neuropsychological tests (Gualtieri and Johnson 2006) . [Detailed descriptions of each test is provided at CNS-Vital Signs, LLC website (http://www.cnsvi talsi gns.com).] The RBANS assesses attention, language, immediate memory, delayed memory, and visuospatial construction (Randolph et al. 1998 ).
Data analysis
Equilibrium (EQ) scores
The Equilibrium (EQ) scores provided by the Smart Equitest device were used as the measures of postural response to each condition. The EQ score is computed according to Eq. 1, where 12.5° represents the maximum normal postural sway in the anterior-posterior direction; θ represents the participant's calculated maximum anterior-posterior center of gravity displacements (NeuroCom International 2004) . A score of 100 represents perfect stability; a score of 0 indicates a loss of balance:
Inhibitory measures
The median RTs for each of the MAPIT conditions within subject were computed. The right-and left-hand median RTs were averaged together within each condition, resulting in a congruous RT and incongruous RT for the perceptual conditions and for the motor conditions. The motor congruous RT is the baseline RT used in computing the inhibition scores. The perceptual inhibition measure was calculated as the incongruous RTs minus the baseline RT. The motor inhibition score was calculated as the difference between the motor incongruous RT and the baseline RT. A previous study showed that the reliability (Cronbach's α) of these scores was r = 0.70 or greater (Jennings et al. 2011) . The greater the inhibition score, the greater the slowing associated with incongruous displays. Thus, the interpretation is that greater inhibition scores reflect increased difficulty in inhibition. Preliminary analyses of the cognitive measures were performed to determine the most appropriate variables to address our hypotheses regarding decision speed, interference control, and visuospatial abilities, and to reduce the number of statistical comparisons between neuropsychological tests and balance outcomes. Our goal was to refine the cognitive measures used to relate to the three aspects of cognition deemed relevant. Refinement was necessary given the number of measures collected, the overlap between large batteries, i.e., the RBANS and CNS-Vital Signs, and the lack of seeming relevance of some of the measures, e.g., verbal comprehension. A mix of conceptual and statistical procedures focused only on the neuropsychological measures prior to relating these to balance indices. Bivariate correlations among tests were examined and these were supplemented by targeted principal component analyses focused on measures seemingly related to decision speed, interference control, or visuospatial ability (Statistica, Dell, Inc. Tulsa, OK). Retained scores were then submitted to a final preliminary analysis to further reduce redundant information. The retained set of measures best assessed dimensions of decision-processing speed (tapping, choice RT), inhibition (perceptual inhibition and motor inhibition), associative inhibition (task shifting), and visuospatial ability (visuospatial construct and visual memory). We also retained two cognitive measures (digit symbol substitution and Stroop interference) that have been shown specifically to relate to falls in older adults in the literature.
Statistical analyses included mixed design repeated measures ANOVAs to compare the age groups on their EQ scores and on the retained cognitive measures. Associations between EQ scores and the different cognitive measures were evaluated using a correlation analysis within each age group. A significance level of α < 0.01 was set for the analysis due to the multiple comparisons being examined in correlating these neuropsychological scores with EQ scores. In addition, a Bonferroni-Holm correction for multiple comparisons was also conducted and reported. Exploratory correlations were also computed to ensure that excluded tests, e.g., language skill, were unrelated to the EQ scores. Whenever more than one cognitive test was related to the balance score for a particular SOT condition, then a partial correlation analysis was performed. This was done to see if the covariance shared by the predicting tests was related to the balance score relative to each test independently.
Results
EQ and cognitive measures
The EQ scores varied across the SOT conditions [F(5,385) = 375, p < 0.0001] and between the two age groups [F(1,77) = 6.4, p = 0.01] (Table 1) . Specific contrasts showed age differences within SOT conditions for SOT1, SOT2, SOT3, and SOT6 (p < 0.05). Table 2 presents the cognitive measures for young and older subjects. All variables were significantly different between the age groups at p < 0.0001, except for visuospatial construction which was significantly different at p = 0.02 [F(1,77) = 6.2].
EQ scores-cognition correlations
There were no significant correlations between the EQ scores and the cognitive variables for the young subjects. Therefore, all subsequent correlative analyses are focused on the older adults. There were significant correlations for the older subjects between the EQ scores and four cognitive measures within the SOT conditions (Table 3) . Perceptual inhibition was negatively associated with EQ scores for the conditions with a fixed platform (SOT 1, SOT 2, SOT 3), with the strongest correlation during the SOT 3 condition (Fig. 2) . Increasing perceptual inhibition score (i.e., worsening inhibitory performance) was associated with decreasing EQ scores (i.e., poorer balance). Choice RT was negatively correlated with EQ score for the conditions with a sway-referenced platform (SOT 4, SOT 5, SOT 6) (Fig. 3) . Slower-choice RTs were associated with decreasing EQ scores. Visuospatial construction was correlated with EQ score on condition SOT 5 where the platform is sway-referenced and eyes are closed. Poorer visuospatial performance was associated with decreasing EQ score. Task-switching was correlated with EQ score for SOT 1, with poorer performance associated with decreased EQ score. The EQ Composite Score was correlated with choice RT and perceptual inhibition. When the Bonferroni-Holm correction for multiple comparisons criteria was applied, only the perceptual inhibition correlations with EQ scores for SOT 1, 2, and 3 and the choice RT correlations for SOT 4 and 5 were found to be statistically significant. Partial correlation analyses were conducted for two SOT conditions where two cognitive tests were related to the balance score. For SOT 1, task-switching and perceptual inhibition were both correlated with the EQ score. The partial correlation for EQ score and perceptual inhibition was significant when task-switching was partialed out (r partial = − 0.44, p = 0.01). The partial correlation for EQ score and task-switching when perceptual inhibition was partialed out was r partial = 0.33, p = 0.06. For SOT 5, EQ Score and visuospatial construction were significantly correlated when choice RT was partialed out (r partial = 0.41, p = 0.02). EQ score and choice RT were correlated when visuospatial construction was partialed out (r partial = − 0.35, p = 0.05). The partial correlations calculated for the SOT composite scores were not significant: choice RT (r partial = − 0.35, p = 0.05) and perceptual inhibition (r partial = − 0.29, p = 0.11). Overall, whenever more than one cognitive measure related to a balance measure, both measures tended to independently contribute to the prediction.
Discussion
In older adults we found that cognitive measures related to decision-processing speed, interference control (perceptual motor and task interference) and visuospatial abilities were correlated with postural sway. It is interesting, but not surprising, that relationships were observed with measures related to the two primary realms of cognition associated with aging, processing speed and executive function. Our results focus on specific processes within these realms rather than being relevant to whether one type of cognition is more impacted by age than the other form of cognition (e.g., Albinet et al. 2012) . Different processes were related to sway depending upon the sensory integration required. Specifically, poorer perceptual inhibition was associated with greater sway (decreased EQ score) for conditions where the platform was fixed (SOT 1, 2, and 3); task-level inhibition (task-switching) was similarly related, but only for SOT1 in which both vision and somatosensation were present. Slower-choice RT was associated with greater sway when the platform was sway-referenced (SOT 4, 5, and 6). Visuospatial construction was associated with sway when the eyes were closed on a sway-referenced platform (SOT 5). Table 3 Significant (α = 0.01) correlations in bold (r, p-value) between the equilibrium scores and cognitive measures during the SOT conditions for older subjects 
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The measure of perceptual inhibition in older adults was correlated with sway when somatosensory input was correct; a relationship that was even more marked when visual conflict was present (SOT 3). This result suggests that inhibition may be involved in integrating visual information when somatosensation is the primary available sensory input. Given that older adults become more visually dependent for balance with age (Borger et al. 1999; Lord et al. 1991) , the ability of integrating visual information even when somatosensation is available for balance is of increasing importance. Interestingly, balance with both somatosensation and vision available (SOT 1) was related to task-level inhibition, which refers to the inhibition of the prior stimulus-response mappings of an immediately preceding task (task-switching). The partial correlation analysis suggested that there are contributions of both perceptual and task inhibition, with perceptual inhibition being more significant. Conceivably, the integration of intact vision and somatosensory information requires coordinating sensory and motor aspects of perceptual-motor associations to maintain balance. The perceptual inhibition results reported here appear to contradict an earlier study that showed perceptual inhibition was involved when both somatosensory and visual sensory conflict occur (Redfern et al. 2009 ). However, the measure used in this previous study differed from the one used here. In the previous study (Redfern et al. 2009 ), perceptual inhibition was defined as the difference between the perceptual incongruent RTs and the perceptual congruent RTs. This measure confounds speeding due to congruency with the perceptual inhibition related to incongruency. Aging's influences on cognitive processing speed and executive inhibition are not mutually exclusive, and so controlling for speed is important in examining the influence of inhibition (Albinet et al. 2012 ). In the current study, perceptual inhibition is calculated without this confound using the difference between the perceptual incongruent RTs and the baseline RTs in an attempt to reduce any impact of decision-processing speed on the measures of inhibition. Thus, the current measure explored the association between perceptual inhibition and sway with reduced confound with decision-processing speed.
The relationship between the choice RT measure and postural sway during sway-referenced platform conditions suggests that decision-processing speed plays an important role in sensory integration when somatosensory is not reliable. Interestingly, motor speed was not correlated with sway so the motor component does not appear to be related; rather, decision processing is more strongly associated with postural control under these somatosensory conflict conditions. The finding is consistent with reports that decreased decision-processing speed is associated with falls, both in healthy older adults and those with mild cognitive impairment (Anstey et al. 2009; Holtzer et al. 2007; Mirelman et al. 2012; Pijnappels et al. 2010; Taylor et al. 2014; Woolley et al. 1997 ) and with balance (Saverino et al. 2016 ). The cognitive processing speed may be involved in maintaining sensory reweighting when somatosensory input is erroneous. One caution relative to this interpretation is that maintaining balance on a swayreferenced platform is generally more difficult that on a stable floor. So, an alternative explanation is that balance task difficulty could be associated with processing speed and not necessarily the sensory integration mechanism specifically.
Overall, the results suggest that sensory reweighting for balance control requires higher cognitive processing, and that processing is altered by aging. Decision-processing speed impacts the up-weighting of visual inputs and/or the down-weighting of incorrect somatosensory inputs. However, when visual information is erroneous and must be inhibited, such as during the SOT 3 condition, perceptual inhibition is necessary. The relationship between poorer visuospatial construction scores and increased sway during SOT 5 condition suggests that visuospatial abilities may be required when vision and somatosensation are removed. These visuospatial abilities contribute independently from the decision speed ability which also is related to SOT 5 performance. One interpretation is that visuospatial ability is involved when balance is primarily reliant on vestibular inputs. If so, visuospatial abilities are involved in interpreting vestibular motion sensory inputs for spatial awareness and postural control.
Some cognitive measures were not correlated with sway scores. For example, the Stroop Interference measure was not correlated with sway under any conditions. This is somewhat surprising, as the Stroop measure of inhibition has been associated with falls (Saverino et al. 2016) , gait variability (Hausdorff et al. 2005) , and balance (Liu-Ambrose et al. 2007) . A possible explanation is that the Stroop measure is less spatially challenging as it uses incongruity in words and colors, as opposed to spatial locations used in the perceptual inhibition test. So, while both measure inhibitory function, perceptual inhibition may be more sensitive at subclinical levels. Other cognitive measures did not meet the criterion of α < 0.01 used in this analysis, and so no conclusion could be made. For example, visual memory was close to significance during both SOT 3 and SOT 6 (i.e., when visual sway-referencing occurred) (p = 0.02). Thus, there may be a relationship between visual memory and inhibition of erroneous visual information, but the statistical power of this experiment limited any conclusions to be made.
No significant relationships between cognitive measures and balance were observed for the young subjects. One explanation is that there are sufficient cognitive resources in these domains for sensory integration in younger adults. The significant difference between young and older subjects on the measures is consistent with this explanation. Hence, our hypothesis is that there is a reduction of cognitive capacity in decision-processing speed and inhibition that influences the sensory integration system in older adults.
The current observations are limited to some degree by the relatively small sample size. Hence, one future direction is to focus on specific cognitive dimensions found in this study (perceptual and task inhibition, decision-processing speed, and visuospatial ability) in a larger cohort of older 1 3
adults. Such a study should expand the measures for each of the three aspects, but most particularly of visuospatial ability. A second future direction is to focus on older individuals with either reduced cognitive function or with balance disorders. Such work might show that additional or different processes are important when either cognition or balance is impaired. Assessing specific relationships with falls occurring in different situations would also be of great value.
In summary, our results suggest that different aspects of cognition are engaged in the sensory integration process for balance control for older adults depending upon the sensory environment. Decision-processing speed is influential when somatosensation is unreliable. Perceptual inhibition appears to be engaged when somatosensation is reliable and visual information needs to be resolved, particularly when that visual input is absent or erroneous. Interestingly, visuospatial construction appears to be involved when vision is absent and somatosensation is unreliable, suggesting the ability to mentally manipulate spatial information is important when vestibular information becomes the primary reliable input. The results highlight the influence of cognitive functioning in balance control and a potential pathway for the impact of aging on postural control.
